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A Rapid, Spatially Dispersive Frequency Comb Spectrograph aimed at 

Gas Phase Chemical Reaction Kinetics 

This New Views article will highlight some recent advances in high sensitivity 

gas detection using direct infrared absorption frequency comb laser spectroscopy, 

with a focus on frequency comb use in chemical reaction kinetics and our own 

contribution to this field. Our recently implemented detection technique uses a 

combination of a 12.9 GHz free spectral range virtually imaged phased array and 

diffraction grating to spatially disperse the mid-infrared frequency comb onto a 

camera. Individual frequencies or “comb teeth” of a 250 MHz repetition-rate 

frequency comb are able to be resolved. High molecular sensitivity is achieved 

by increasing the interaction path length using a Herriott multipass cell. High 

spectral resolution, broadband spectral coverage, and high molecular sensitivity 

are all achieved on an adjustable 1-50 μs timescale, making this frequency comb 

apparatus ideal for measuring chemical reaction kinetics where multiple 

absorbing species can be monitored simultaneously. This New Views article will 

also discuss some of the challenges and decisions that chemists might face in 

implementing this advanced physics technology in their own laboratory. 

Keywords: frequency combs; chemical kinetics; trace gas detection 

Introduction 

Over the last two decades, frequency comb lasers have been developed and used 

primarily by physicists.[1] This is partly because a considerable amount of optical 

system expertise is needed to build such a laser. The result was that these lasers were 

applied to mostly physics-type studies such as ultra-precise metrology and calibration of 

astronomical measurements.[2] While many chemistry applications have begun to be 

explored using frequency comb lasers, such as those highlighted in recent 

reviews,[3,4,5,6] now that commercial “turn-key” frequency comb laser systems can be 

purchased at various wavelengths, there is a great opportunity for the wider chemical 

community to engage with this optical physics technology.  
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Frequency comb lasers are a simultaneously broadband and high-resolution light 

source generated by the phase stabilization of a mode-locked femtosecond laser. 

Although these lasers have been most often designed for near-infrared wavelengths, 

partially because of convenient wavelength fibres operating near 1560 nm or 1040 nm, 

frequency comb lasers have begun to be extended into the mid-infrared wavelength 

range where there are many vibrational transitions of chemically important functional 

groups extending to the “fingerprint region” of the spectrum. Operating in these regions 

of the spectrum is beneficial in chemistry since fundamental vibrational frequencies 

have at least an order of magnitude larger oscillator strength compared to vibrational 

overtones accessible in the near infrared. This increases the potential detection 

sensitivity in direct absorption spectroscopy measurements, allowing the technology to 

progress further into trace gas detection and monitoring of transient chemical 

phenomena. 

From a chemist’s perspective, one of the largest advantages of this light source 

is due to its high resolution and broad spectral coverage. As demonstrated in a number 

of proof-of-principle, high-impact experiments, frequency comb lasers excel in trace 

gas detection, high resolution molecular spectroscopy, and chemical reaction 

kinetics.[7,8,9,10] The impacts of this new capability are already being felt in 

atmospheric and combustion monitoring.[11,12] These lasers can also be implemented 

in breath gas analysis and in laboratory settings for monitoring chemical reaction 

kinetics.[7,10,13,14]  There are several excellent reviews highlighting some of these 

achievements.[3,4,5,6]  

Combining frequency comb lasers with rapid detection of many frequency 

components using spatially dispersive optics creates a spectrometer with many 

advantages for chemically important studies. One main advantage of using frequency 
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comb lasers for direct absorption measurements is the short timescale over which an 

experiment can be completed due to the nature of the light itself. The high throughput, 

or experimental velocity, is a result of being able to measure a spectrum with high 

resolution and over a large bandwidth simultaneously. To achieve similar broadband, 

high-resolution spectrum with a narrowband single frequency laser, one would need to 

scan the laser over a wide frequency range. Using a frequency comb laser decreases the 

experimental timescale, and thus reduces the impact of long timescale drifts or 

fluctuations (such as power, temperature, or other experimental considerations) on the 

overall data collection. 

A second advantage, which directly impacts the suitability of using frequency 

combs for studying chemical reaction kinetics, is the minimum time resolution possible 

with this spectrometer. The time resolution of the spectrometer is the time it takes for a 

single (not averaged) broadband, high resolution spectrum to be collected, and is 

determined mainly by the detection method. For example, the time resolution of 

spatially dispersive spectrometers are typically limited by the minimum camera 

exposure (or integration) time. Microsecond camera exposure times can be reached in 

the mid-infrared, which is the case for our spectrometer discussed below, while still 

yielding a broadband, high resolution infrared spectrum.[7,14] Near infrared cameras 

can achieve even shorter exposure times. The short exposure times are particularly 

useful in chemical reaction kinetics. Multiple products can be identified within a single 

broadband high-resolution spectrum, and the timescale of their appearance monitored 

concurrently with the disappearance of a reactant. Multiplexed or coupled information 

on reaction rate coefficients can then be derived. The time resolution of time domain 

methods, such as dual-comb spectroscopy or Fourier transform spectrometers, are often 

slower by at least an order of magnitude. To the best of our knowledge, the fastest dual-
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comb spectrometer, which spans a similar broad spectral bandwidth (5 THz or 166 cm-

1) with similar resolution (204 MHz or 0.007 cm-1) compared to the spatially dispersive 

spectrometer, has been able to reach approximately 700 s.[12] Faster, sub-

microsecond time resolutions are also possible, but often at the expense of spectral 

coverage or resolution, and will be discussed further below. However, these instruments 

show significant promise for liquid-phase kinetics measurements. It should be noted 

that we are specifically discussing direct (linear absorption) frequency comb 

measurements. Indirect (non-linear) frequency comb spectroscopies are able to reach 

even faster timescales.[15]  

This New Views article will present our own contribution to the field of direct 

absorption infrared frequency comb spectroscopy for measuring chemical reaction 

kinetics. Here, we exploit the simultaneously broadband, high-resolution light source 

coupled to a spatially dispersive detection scheme featuring microsecond time 

resolution, enabling its use in chemical reaction kinetics. This article will also discuss 

some of the challenges and decisions that chemists might face in implementing this 

advanced optical physics technology in their own chemistry laboratory.  

Our Contribution 

Experimental Methods 

Our experiment uses a frequency comb laser system from Menlo Systems, which 

employs difference frequency generation (DFG) to produce a mid-infrared (2700 – 3300 

cm-1 or 3000 – 3500 nm) frequency comb laser.[16] An Er-doped fibre laser (1560 nm) 

is the master frequency comb laser and has a repetition rate (𝑓𝑟𝑒𝑝) of 250 MHz, which is 

the frequency spacing between adjacent comb teeth. The 𝑓𝑟𝑒𝑝 is tuneable over a ± 500 

Hz range and is stabilized using a 10 MHz rubidium clock frequency standard (SRS 
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FS725).  

The Er fibre master frequency comb laser has two outputs, one of which is at 

6400 cm-1 (1560 nm) and is directly amplified. The other output is frequency shifted to 

9600 cm-1 (1040 nm) and then amplified.  The 6400 cm-1 and 9600 cm-1 amplified 

outputs are spatially and temporally overlapped in a periodically poled lithium niobate 

(PPLN) nonlinear crystal and undergo DFG to produce the 3100 cm-1 (3200 nm) output 

of the full laser system (approximately 120 mW, 80 fs pulse width). The bandwidth of 

the laser output is nominally 600 cm-1, peaking near 3100 cm-1. Small shifts of the peak 

wavenumber (on the order of 100 cm-1) and the relative intensity of the comb teeth over 

the bandwidth of the laser can be achieved by tuning the PPLN temperature and the 

time delay between the 6400 cm-1 and 9600 cm-1 outputs. The individual comb teeth 

frequencies of the laser output are described by 𝑓𝑛 = 𝑛𝑓𝑟𝑒𝑝 + 𝑓𝑐𝑒𝑜 , where 𝑓𝑐𝑒𝑜  is the 

carrier envelope offset frequency. Since the 6400 cm-1 and 9600 cm-1 outputs are 

generated from the same master frequency comb laser, 𝑓𝑐𝑒𝑜  = 0.  

The experimental setup of the laser and the rest of the optical system is shown in 

Fig. 1a. The mid-infrared comb is coupled into and out of a Herriott multipass gas cell, 

where the light undergoes 18 passes achieving a total interaction path length of 430 cm. 

This path length is calibrated using a known quantity of methane and a spectral 

simulation[17] , which uses the line strengths of the methane 3 vibrational band from 

HITRAN.[18] Upon exiting the Herriott cell, the laser is coupled into a single mode 

mid-infrared fibre. The fibre is used to both increase the flexibility of the optical path 

and spatially filter the laser beam. The enhanced beam quality out of the fibre helps 

achieve more consistent results from the imaging detection system. 

The imaging detection system, which consists of two dispersive optical 

elements, an IR-sensitive camera, and a few lenses, is similar to Ref. [19] and begins at 
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the output of the fibre (Fig. 1).  After the output of the fibre, the laser beam is 

collimated and expanded to a beam diameter of approximately 1 cm. The beam is then 

focussed using a cylindrical lens (100 mm focal length) into the entrance of a virtually 

imaged phased array (VIPA, Light Machinery). A VIPA is essentially a tilted etalon that 

converts the input laser beam to a series of vertical parallel outputs, which 

constructively interfere at a set angle depending on the wavelength of the light.[20] In 

essence, the VIPA provides a repeating “filter” of 12.9 GHz (0.43 cm-1), which is the 

free spectral range (FSR). Since each mode order of the VIPA is spatially overlapped, 

the spectrometer requires a second dispersive element to spatially separate each mode. 

To accomplish this, we use the first order diffraction from a mid-infrared blazed 

diffraction grating (450 lines per mm, Laser Components). The total power per comb 

tooth is approximately 1 nW incident on the infrared camera.  

The spatially dispersed frequency comb, which is now a 2D array of comb teeth, 

is imaged onto a mid-infrared camera (Infratec, InSb array, 512 x 640 pixels, 15 m 

pixel pitch, Stirling cooled). An example image is shown in Fig. 1b. The camera has a 

variable repetition rate up to 125 Hz at full frame, with a minimum camera frame 

exposure time of 1 s. The data presented here showcase the 5 s and 50 s camera 

exposure times as representative results from this spectrometer. LabVIEW software 

controls the data acquisition, including a digital timing generator that triggers the 

camera exposure and the frequency generator that sets the laser repetition rate. 

MATLAB code is used to analyse the data, converting 2D array images of light 

intensity into absorption spectra as a function of wavenumber (Fig. 1c). In order to 

transform the image into an absorption spectrum, each vertical column is truncated to 1 

VIPA FSR (51 frequency comb teeth, which appear as “dots”) and then concatenated 

with the next horizontally displaced column. The integrated intensities of each comb 
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tooth are measured with a gaseous sample present (“signal”) and without a sample 

present (“background”). The signal and background images are transformed into 

spectra, and the absorption spectrum is determined using the Beer-Lambert Law, 
𝐼(𝜈)𝐼0(𝜈) =exp(−𝑛𝜎(𝜈)𝐿), where 𝐼(𝜈) is the signal spectrum, 𝐼0(𝜈) is the background spectrum, 𝑛 

is the concentration (molecules cm-3), 𝜎(𝜈) is the absorption cross section (cm2 

molecule-1), and 𝐿 is the path length (cm). An example of a spectrum created from this 

analysis of an image (Fig. 1b) is shown in Fig 1c.  

Since the spacing between adjacent comb teeth is 250 MHz (0.0083 cm-1), the 

laser repetition rate must be scanned in order to observe absorptions occurring at 

frequencies between comb teeth. We scan the repetition rate between 249.9995 MHz – 

250.0004 MHz using a step size of 100 Hz to measure 10 different spectral images. The 

images corresponding to each 𝑓𝑟𝑒𝑝 step are analysed separately and their spectra are 

interleaved to produce the final absorption spectrum. The spacing between adjacent data 

points in the final interleaved absorption spectrum is approximately 0.001 cm-1 (30 

MHz). This can be calculated using 𝑓𝑛 = 𝑛𝑓𝑟𝑒𝑝 , where n is approximately 335,000 in 

the mid-infrared near 2800 cm-1. 

Results and Discussion 

Using a commercial mid-infrared frequency comb and our optimized VIPA-grating-

camera (VGC) detection system, we are able to measure individually resolved comb 

teeth, which represents a significant advancement in frequency comb imaging. Using 

the combination of a 𝑓𝑟𝑒𝑝  = 250 MHz comb, 12.9 GHz FSR VIPA, and 450 lines per 

mm blazed diffraction grating, individual comb teeth are resolved in the image. 

Typically, an external cavity filter using a Vernier multiple of the repetition rate is used 

to increase the spacing between imaged comb teeth, which is effectively like increasing 
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the repetition rate of the laser.[9,19,21] In this work, an external cavity filter is not 

needed in order to resolve individual comb teeth, which reduces the apparatus 

complexity. This is the first time, to the best of our knowledge, where individual comb 

teeth have been resolved for laser repetition rates below 2 GHz.[19,22,23] Fig. 2 

showcases the resolution of our VGC spectrometer, and includes an intensity profile 

along one vertical stripe of comb teeth in the image. Representative Gaussian fits to 

several of the comb teeth along this vertical stripe are shown, and have a full-width-at-

half-maximum (FWHM) of approximately 4.2 pixels. Approximately 5.5 pixels 

separate the peak of one comb tooth from the next, resulting in a spectrometer 

resolution of 190 MHz, which is smaller than the comb tooth spacing of 250 MHz. This 

is over two times lower than the recently reported 460 MHz resolution dispersive 

frequency comb spectrometer in the far infrared.[22] In Fig. 2, it can be seen that the 

minimum intensity between peaks in the vertical profile is approximately 35% lower 

than the maximum intensity of the peaks, exceeding the definition criterion for peaks to 

be resolved.[24] Each comb tooth is not resolved to baseline in the vertical direction 

(VIPA resolution). This manifests itself as a slightly broadened instrument lineshape 

function (see below). 

The performance of the VGC was tested using a low concentration of methane 

in the Herriott multipass gas cell (0.65% CH4 in N2, total pressure 9.1 mbar, total path 

length 430 cm). When methane is present in the gas cell, it absorbs some of the 

frequencies of the frequency comb laser. This is seen on the camera as a reduction in 

light intensity at a specific location, as shown in Fig. 1b and, more obviously, in Fig. 2. 

One full image contains approximately 3,700 unique frequency comb teeth, each spaced 

by 250 MHz (0.008 cm-1), and represents a 900 GHz (30 cm-1) wide snapshot of a high-

resolution infrared spectrum. To obtain a full spectrum, ten different repetition rates of 
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the laser are used resulting in ten sets of images totalling a measurement of 37,000 

unique frequencies. These result in data points in the final spectrum spaced by 

approximately 0.001 cm-1, as discussed previously. The frequency window imaged by 

the camera is set by the angle of the diffraction grating with respect to the incoming 

light from the VIPA. The size of the detector array limits the range of frequencies 

captured in one image, as the size of the beam is larger than the detector. However, 

different frequency ranges can be imaged by changing the angle of the diffraction 

grating. By concatenating spectra at different grating angles, we can obtain a full 

spectrum over the entire bandwidth of the laser.  

To calibrate the frequency axis of a full spectrum, a sample with a known 

infrared absorption spectrum is placed in the Herriott cell. In our experiment, we use the 

3 vibrational band of methane and comparison data from the HITRAN database for this 

calibration.[18] A comparison of the analysed images with the known spectrum of 

methane allows for the sequential integer numbers 𝑛 to be determined for each 

frequency comb tooth in the image, yielding an absolute frequency x-axis using the 

equation 𝑓𝑛 = 𝑛𝑓𝑟𝑒𝑝 . Using many absorption lines for methane uniquely defines n for 

each comb tooth. Therefore, the centre frequency of each comb tooth has an accuracy 

limited by the rubidium frequency clock, which sets the repetition rate. A portion of the 

methane spectrum, with the calibration applied, can be seen Fig. 3 for a camera 

exposure of 50 s and an average of 190 images (9.5 ms total integration time, equating 

to approximately 1.5 seconds in real experiment time using a camera repetition rate of 

125 Hz). Several methane transitions are observed over this 0.5 cm-1 window, along 

with the baseline noise typical of the averaged full spectrum. A simulation of the 

absorption spectrum using the HITRAN Application Programming Interface (HAPI) is 

overlaid as the red curve.[17] This simulation accounts for the temperature, pressure, 
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path length, and concentration of the methane mixture. An additional instrument 

linewidth broadening function must be used to match the experimental linewidths, 

which have an approximate FWHM of 0.015 cm-1. The additional breadth is most likely 

due to the separation of the comb teeth in the vertical dimension not being fully 

resolved to baseline. This results in Lorentzian instrument lineshape function.[25] 

A figure of merit called a noise equivalent absorption (NEA) is used to compare 

system performances. The NEA is a function of the standard deviation of the baseline 

noise level (𝜎) measured over an integration time (T) for a pathlength (L). In our 

experiment, 𝜎 has been measured for the full spectrum resulting from an 𝑓𝑟𝑒𝑝 scan with 

10 steps, with each 50 s image actively integrated for 9.5 ms. Thus, normalizing to a 1 

second integration time, 𝑁𝐸𝐴1𝑠 = 𝜎𝐿 √𝑇 = 9.8 × 10−8 cm−1Hz−1 2⁄ . For a shorter time 

resolution, such as a 5 s camera exposure time actively integrated for a shorter 950 s, 𝑁𝐸𝐴1𝑠 = 1.0 × 10−7 cm−1Hz−1 2⁄ . Note that the same number of camera images are 

used in the calculation of these two 𝑁𝐸𝐴1𝑠 measurements. A visual representation of 

the increase in baseline noise in using a 5 s time resolution compared to a 50 s time 

resolution is shown in Fig. 3. The instrument 𝑁𝐸𝐴1𝑠 values are on-par with the system 

performance values listed in Table 5 of Ref. [3], which compares a variety of 

spectrometers using incoherent and coherent light sources for broadband spectroscopy. 

For example, a Fourier transform spectrometer using a frequency comb laser with a 

centre wavenumber of 2660 cm-1 (3760 nm) in a high finesse cavity has a 𝑁𝐸𝐴1𝑠 =5.5 × 10−9cm−1Hz−1 2⁄ .[26] Similarly, for a frequency comb laser centred near 2680 

cm-1 (3730 nm) coupled to a high finesse cavity and detected using a VGC 

spectrometer, 𝑁𝐸𝐴1𝑠 = 4.8 × 10−8cm−1Hz−1 2⁄ .[27] Undoubtedly, there have been 

further advancements in frequency comb detection techniques that have decreased 𝑁𝐸𝐴1𝑠 since that review in 2017.[28] 



 
12 

Although 𝑁𝐸𝐴1𝑠 is a useful figure of merit to compare different systems, a 

minimum detectable concentration of methane can also be calculated for our system to 

put this into a broader chemical context. Using a detectable absorption defined by 3𝜎 

above our baseline noise and methane absorption line intensity values of 1 x 10-19 cm2 

cm-1 molecule-1, a minimum methane concentration of approximately 8 x 1011 

molecules cm-3 is detectable in our system using a 50 s time resolution actively 

integrated for 9.5 ms. Using a 5 s time resolution actively integrated for 950 s, a 

minimum observable methane concentration is approximately 2.5 x 1012 molecules cm-

3. In this analysis, we chose to use the stronger line strengths near the centre of the 3 

vibrational band, rather than the much smaller line strengths at the edge of the 3 

vibrational band shown by the red sticks in Fig. 3.[18] This minimum observable 

concentration is comparable to, or lower than, the concentrations used in many gas 

phase kinetics experiments, where concentrations of reactants are typically on the order 

of 1013 molecules cm-3 and product concentrations can be on the order of 1012 molecules 

cm-3 or lower. Of course, given that methane is a strong infrared absorber with a large 

line strength compared to other molecules, further improvements are ongoing to 

improve the sample interaction path length in order to measure trace amounts of 

gaseous molecules with smaller infrared line intensities.  

Challenges in Comb Implementation: Critical Design Decisions 

Frequency comb lasers have the potential to become a powerful optical tool in the 

chemist’s toolbox. As a simultaneously broadband and high-resolution technique, the 

use of frequency combs in direct absorption spectroscopy has benefits over single 

frequency scanning absorption methods and incoherent light source Fourier Transform 

spectroscopy methods. However, there are challenges in working with frequency comb 
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lasers, some of which still need to be overcome in order to see their full integration into 

the broader scientific community. As a new lab and particularly a lab situated outside of 

a physics department, we are in a unique position to comment on some of things to 

consider when making experimental design decisions.  

The first decision is whether to build or purchase the laser system itself. 

Assuming that a chemist is more interested in the application of the frequency comb 

laser to chemistry questions rather than building the laser system, purchasing a system 

is likely the more appropriate choice considering the cost-time trade-off. There are a 

wide range of commercial frequency comb lasers becoming available. Potential users 

are encouraged to consider repetition rate, wavelength, power, and complexity for end 

users very carefully before investing in this equipment. These choices are also 

inherently coupled to the desired detection method. While stable frequency comb lasers 

can be purchased for prices similar to a pulsed Nd:YAG laser, the cost can become 

increasingly expensive if the system is designed to produce high optical power at 

wavelengths away from the near infrared fundamental wavelengths of Er or Yb doped 

fiber lasers. A tuneable laser wavelength or broader spectral coverage will likely come 

at an additional cost and with added complexity for the user. However, our choice of a 

DFG-based frequency comb negated some of this complexity since 𝑓𝑐𝑒𝑜  for the mid-

infrared output is zero, and thus there is no need for complex 𝑓𝑐𝑒𝑜  stabilization 

components.  

The choice of a detection system is the next important decision for potential new 

users. To take advantage of the high resolution and broadband nature of this light 

source, a user could spatially disperse the comb frequencies and collect each individual 

frequency comb tooth separately, as is done in our group with the VGC detection, or a 

user can operate in the time domain instead and use Fourier Transform methodologies 
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or dual comb spectroscopy.[29] These time domain methods can also measure comb-

tooth resolved spectra.[29] Vernier techniques are a still higher resolution alternative to 

the VGC cross dispersion optical setup,[30] but as this method does not yet offer the 

time resolution of DCS or VGC detection, this method will not be discussed further. 

There are several excellent reviews highlighting the different detection techniques with 

their advantages and disadvantages,[3,4,6] but we explicate some things to consider 

here. 

Spatially dispersive methods are ideal for measuring chemical reaction kinetics 

because of the achievable time resolution and the high experimental throughput. 

Although the breadth of spectral coverage will be limited by the size of the detector 

array for any single image, the rapidity of measurements and ease of use can outweigh 

this potential disadvantage. With more time and technological developments, these 

disadvantages will likely be addressed.  Using a VIPA has additional advantages in 

frequency resolution, where Hz-level precision has been reported for measurement of 

cavity resonances, and in frequency self-calibration possibilities.[31]  

In contrast, dual-comb spectroscopy (DCS) has potential advantages over spatially 

dispersive methods, although there are also several disadvantages. DCS can be thought 

of as a Fourier transform spectrometer with no moving parts. This has the potential for 

increased robustness and ability to be used in field environments, which is an attractive 

option for atmospheric scientists. As the name implies, two frequency comb lasers 

operating at slightly different repetition rates are necessary for this technique, which 

increases the system cost and size. However, newer techniques are being developed to 

use a single free-running laser,[32] and there is work on miniaturizing these 

systems.[33] More information on the development of DCS methods can be found in a 

recent review.[6] Although the time domain detection technique used in DCS has 
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advantages similar to FTIR, there is also a disadvantage in the experimental time 

resolution. This is currently limited to approximately 700 s for a similarly broadband 

(5 THz or 166 cm-1) and high resolution (204 MHz repetition rate) spectrum compared 

to the spatially dispersive spectrometer, which is too slow for use in measuring some 

gas-phase chemical reaction kinetics and currently has lower molecular sensitivity.[12] 

Microsecond or faster time resolution is possible in DCS, sometimes using quantum 

cascade lasers (QCLs), but often achieve this time resolution at the expense of spectral 

bandwidth or resolution.[34-36]  For example, a time resolution of 13 s was achieved 

over an approximately 60 GHz (2 cm-1) spectral bandwidth with 300 MHz (0.01 cm-1) 

resolution.[36] While this is an excellent example of the capabilities of dual comb 

spectroscopy, there is still improvement that would be necessary in order to reach the 

broad spectral bandwidth while maintaining high resolution compared to the spatially 

dispersive frequency comb spectrometer. Indeed, a very recent example of DCS applied 

to gas-phase chemical reaction kinetics features a 120 s time resolution with a broad 

spectral bandwidth (approximately 9 THz or 300 cm-1) and 6 GHz (0.2 cm-1) 

resolution.[10]  

Both of the above detection techniques require home built optical setups, and 

data collection and analysis code. However, fully coupled frequency comb laser and 

detection systems are just beginning to be commercially available, offering a turn-key 

system for immediate use in chemistry. For example, IRsweep has produced a benchtop 

FTIR system based on dual-comb spectroscopy using high repetition rate QCL combs 

and offers sub-microsecond time resolution.[34] Since this system uses a coherent light 

source, there are additional advantages over traditional step-scan FTIR spectrometers 

despite covering a narrower spectral range. However, again, the microsecond or sub-

microsecond time resolution is achieved at the expense of spectral resolution (0.33 cm-1 
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for 1 s and 8 cm-1 for 1 ns) making it more effective for solution-phase rather than gas-

phase chemical kinetics.  

Conclusions 

In this New Views article, we discuss the design and implementation of a new mid-

infrared frequency comb spectrometer. This is the first spatially dispersive spectrometer 

to resolve individual comb teeth of a frequency comb laser with a repetition rate below 

2 GHz.[19,22,23] Even with a relatively uncomplicated Herriott multipass cell, with a 

total path length of 430 cm, the noise equivalent absorption and minimum detectable 

methane concentrations in this spectrometer show significant promise for use in highly 

sensitive gas detection. In addition, the variable 1 – 50 microsecond time resolution of 

the spectrometer makes it a very attractive option for use in gas-phase chemical reaction 

kinetics studies. To encourage the implementation of frequency combs in more 

chemical studies, we also discussed some of the decisions and opportunities for 

chemists in implementing frequency comb spectroscopy in their lab. 
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Figure 1. (a) Experimental setup, with important optical elements highlighted. (b) 

Greyscale image of a spatially dispersed 𝑓𝑟𝑒𝑝 = 250 MHz frequency comb on a 512 x 

640 pixel InSb array camera, using a 50 μs exposure time and averaged for 190 images. 

Absorptions due to methane present in the gas cell (0.65% CH4 in N2 in 9.1 mbar total 

pressure) are seen as an attenuation of the light. The vertical spatial coverage of one 

VIPA FSR (51 comb teeth) is marked on the left. (c) Absorption spectrum resulting 

from interleaving 10 different 𝑓𝑟𝑒𝑝 images, one of which is panel (b). The red box 

indicates the region of the spectrum detailed in Fig. 3.  
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Figure 2. Zoomed in image, approximately 200 x 250 pixels, of the infrared frequency 

comb near 2800 cm-1 after adding a sample of dilute methane to the gas cell. Each dot in 

the image is a different frequency comb tooth with 𝑓𝑟𝑒𝑝  = 250 MHz. The image shows 

approximately 1200 unique frequencies. The dots with attenuated intensity are 

frequencies that have been absorbed by the methane sample. A representative intensity 

profile through the vertical dimension of the image is shown to the right, with Gaussian 

fits to several of the comb teeth. 
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Figure 3. Subset of the experimental methane absorption spectrum (black trace, left y-

axis) spanning approximately 0.5 cm-1 taken from the trace shown in Fig. 1c enclosed in 

the red box. The sample is a gas mixture where [CH4] = 1.44 x 1015 molecules cm-3, or 

0.65% CH4 in N2 in 9.1 mbar total pressure. A simulated CH4 spectrum (red trace) is 

overlaid, also using the same left y-axis, and is discussed further in the text. Spectral 

line intensities from the HITRAN database (red sticks) are plotted against the right y-

axis, and are arbitrarily scaled compared to the left y-axis. The grey lines show the 

experimental methane absorption spectrum using a 5 s time resolution instead of the 

50 s time resolution, averaged for the same number of images, which corresponds to 

the same amount of laboratory time.   

 

 


